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ABSTRACT

Simultaneous measurement of the extinction coefficient O and liquid water content
W were made for laboratory generated cloud at CO2 laser wavelength A-= 10.591 micro-

metres (um).

Good agreement between measurement and prediction (Chylek, 1978) was
found for a wide range of W {up to 7 g m'3) and o, (up to 1 m-l).

The first definitive measurements of backscatter,ob, and extinction coefficients
made on laboratory - generated fog droplet distributions at visible (X = 0.6328 pum)
wavelengths were in good agreement with a size distribution independent relation

I e o, (Pinnick, Jennings et al, 1983).

The first definitive measurements of backscatter coefticient and extinction coeffic-

ient made on laboratory cloud are reported at CO2 Laser wavelengths.
ments yielding oe/ob ratios of between 350 and about 550 are in good agreement with

The measure-

numerical calculations performed on narrow size distributions of natural cloud.
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Fig. 1. Continuous simultaneous measurements of o_ and W for laboratory cloud

e
at A=10.591 pm.

Fig. 1.9 Continuous simultaneous measurements of O and W for laboratcry cloud
at A= 10.591um.

Fio. 2.1 Mie theory response calculations for the Knollerberg CSASP particle
counter for NaCl particles (lighter curve) and water droplets.
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Fig. Volume extinction coefficient at a wavelength X= 10.6um versus liguid
water content for 156 cloud droplet size distribution measurements of

cumulus and stratus clouds.

Fig. 2.3 Variation of extincticn coefficient with liquid water content in
atmospheric fog and haze for 320 size distribution measurerents made
at different geographic locales and under a variety of meteorological
conditions.
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Comparison of two filtration techniques for liquid water content
measurement of cloud.




o STATEMENT OF RESEARCH PROBLEM

Research conducted during the term of this contract consisted of measurement

of transmission and backscatter of electromagnetic (em) energy through water
droplet clouds with k-own size distribution and liquid water content at visible
and infra-red (IR) wavelengths. Theoretical analyses of relations between
extinction, absorption and backscatter which incorporate size distr.bution de-

pendencies werc also made. -

SUMMARY OF MOST IMPORTANT RESULTS

1 and liquid

Experimental measurements made of extinction coefficient O m
water content W, g m'3 for laboratory aenerated cloud at the CO2 laser wave-
length X = 10.591 micrometres (um) verified the size distribution independent,
relation oe/w = 3nc/2)\ derived by Chylek (1978). The first continuous set of

measurements of Co and W are reported.

The first definitive simultanesous set of measurements of volume backscatter and
extinct on coefficients Op»0Ug for laboratory cloud at visible wavelengths

(X = 0.6328 um) are reported. The measurements show good agreement with the
theoretically predicted size distribution independent relation:

oe/ob= 87/g(x), (Pinnick et al, 1983), where g (i) is a slowly varvina function
of wavelencth.

The first definitive set of measurements of volume backscatter coefficient 9, and
volume extinction coefficient 9 for laboratory generated cloud at CO2 Laser
wavelengths (10.261 - 10.591 um) are reported. The measurements of extinction

to backscatter ratio ce/ob possessing values ranging from 350 upward give

relatively aood agreement with numerical calculations carried out on relatively

narrow size distributions for cumulus and stratus cloud (Pinnick et ai. 1983).
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Electro-Optical Transmission and Liquid Water Content

of Fogs and Clouds.

Introduction:

A possible relaticn between extinction and liquid water content is of
considerable interest and has preoccupied atmospheric scientists over the
past several decaces. Tne determination of simple relationships between
electro-optical (E-0) transmission and measureable meteorological parameters
such as cloud water content (LWC) could be used to predict transmission at
middle infrared (IR) waveiengtns frcm a knowledge of cloud or fog LWC.
Conversely, a measure of the “ransmission at middie IR wavelengths could
yield a value of liquid water content using validated relations from this

work .

tost previous work has been directed towards seeking relationships between
liquid water content and visibility, for example:

Eldr.dge (1966, 1571), Barteneva and Polyakova (1965) and Kumai (1973).
Pinnick et al (1378) give approximate empirical relationships between
extinction coefficient . and liquid water content Y based on the work of
the forementioned auzhors. However, Pinnick et al (1978) found that the
predicted values of visible extinction U differed by about an order of
magnitude for the same LWC (0.01 g m'3). Thus any size-distribution -
independent relaticn between extinctinon at visible wavelengths and LWC cannot

be applied to fogs in general.

Extinction, Absorption and Liquid Water Content of Water Clouds

Consider a polydispersior of spherical water droplets described by the size
distribution n(r), wherc r is the radius of a given droplet. We examine
relationships between the extinction, e absorption coefficients, Ty and
the 1iquid water content W given by

2
3 - . 0 o PPN
% J/Tr Qe\.,x)n(r)dr (1.7
i .
3 wpbn \ .
o J/.r Gy (myx)n{r)dr a.2
. S
W - %“./} n{r) dr (1.3)
wherse | the liguid droplet density, Qe (m,x}, Ga {m,x) are the efficiency

factors for extinction ang abcorption for a droplet with refractive index m
and size paramcter x, dofined by the ratio of the droplet circumference to

radiation wavelenotn . it hac been shown by Chylek (1978) that the

- 0 o P R L . e
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efficiency factor Qe (m,x) can be approximated by a linear function of dropiet
size parameter

Qe (myx) = ¢ (A) x (1.4)

providing size parameter X L (xm = anm/k). Pinnick et al (1979) have
also shown that

Q

The use of these simple linear relationships for the Mie efficiency factors

g (mx) = c'(}d) x (1.5)

in the expressions for the extinction and absorption coefficients given by
Eqs.(1) and (2) reduce these ccefficients to the simple form:

_ 3mc

Oe = m W (].6)
_ 3mct

Op = o W (1.7)

where ¢ (A) and c' (A) are the slopes of the straight lines approximating
the Mie efficiency curves.

The wavelength at which these linear relationships are valid is determined
by the radius of the largest droplets present in the polydispersion.
Chylek (1978) and Pinnick et al (1979) give values of the maximum radius r
and corresponding wavelengths), required for the validity of (6) and (7).

m

They find that the relation (6) should work best for water droplets in fog

or cloud at or near X = 11 um where o is found to be 14 ym. However,
relation (6) might also be expected to work reasonably well for fog or cloud
droplets for the wavelength range 9.5< X < 11 um since 12.5< rp< 14 um

at these wavelength values. One might expect relation (6) to work reasonably
well even if droplets in a particular distribution have radii greater than

14 um providing they do not contribute excessively to either the liquid water
content or the extinction.

Pinnick et al. (1979) verified theoretically relation (6) withirn a factor 2

at A = 11 um for 341 droplet size distribution measurements of atmospheric

fogs formed under a variety of meterological conditions, and for which reliable
fog data was available. Pinnick et al. (1979) used the raw size distribution
fog data of Pinnick et al., (1978), Garland (1971), Garland et al., (1973),
Roach et al. (1976;, Kunkel (1971), and Kumai (1973) to calculate the liquid
water content and the extinction coefficient for all of the fogs, and compared
the results to the theoretical relation (6).

Cne of the objectives of the work was to investigate experimentally the validity

of relation (6) i.e, Op = %%S . W by making simultaneous measurements of
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(a) the extinction coefficient o
(b) the liquid water content W
and (c) the size distribution of the droplets.

This approach is distinctly different from that of Pinnick et al (1979) in
that the extinction coefficient and LWC is meacured, rather than caiculated
from the drop size distributions. One reason for measuring the droplet size
distribution is that the validity of relation (6) requires droplets must be
less than a certain size as discussed earlier in 1.2.

1.3. Experimental Apparatus and Techniques
3

A 1 m” chamber of path 1éngth L = Im, ccnstructed of waterproof plywood was

used for all measurements. The chamber walls were painted matt black to
minimize stray light reflections. Saturation of the chamber was maintained
through the use of matt black absorbing cloth material lining the chamber walls.
A 5 cm diameter opening at the front side of the chamber permitted the

entrance of laser radiation (either a He-Ne or Cop Taser beam) into the
chamber and also allowed for the extraction of backscattered light from the
cloud droplets in the chamber. The laser beam traversed the chamber path

length and emerged through a small aperture ( few mm diameter) in the rear

exit wall of the chamber

Figure 1.1. is a schematic diagram of the optical arrangement used in the
extinction coefficient measurements. It consists of a tunable vertically

polarised C02 laser source (Sylvania Model 941S) with wavelengths available
over the wavelength range 1G.2 to 10.7 micrometres (um). The CO2 laser
transmissions path is made coincident with a visible (0.6328 um) He-Ne laser
transmission path. Alignment is accomplished with aluminized mirrors which

are mounted on micrometer-controlled translational and rotational stages.

[ 150 il

A portion of the CO2 laser beam is reflected by a ZnSe window for a laser
reference signal. The main beam enters the fog/cloud chamber of pathlength
L through a narrow window and exits through a second narrow window into a
second dectector. The main beam and reference detectors (Laser Precision
Corporation Models RkP-545 and Rk-5100) consist of a pyroelectric laser probe
together with a synchronous radiometer readout. The synchronous ratiometer

readout, model Rk-5200 is used for the output of the ratio ot the main beam

and reference signals. The detectors have negligible drift (about 106 W en?

after warm-up) compared to typical radiance levels monitored by the detectors

~ O
S P Py PP
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(of the order of 1 W cm'z). The radiation wavelength is monitored precisely

with a spectrum analyzer (Optical Engineering Inc. Model 16-A CO2 Laser
Spectrum Analyzer).

Appropriate consideration is given to optimum transmissometer design to

reduce forward scattering corrections - in accordance with the results of
Deepak and Box papers a, b, (1978). For example, the use of a 10 cm lens

which focuses the C02 beam of half width 2.5 mm through an aperture of radius
0.5 mm will result in a correction of less than 2% due to forward scattering

at X = 10.6 um fer a Deirmendjian haze M (broad distribution) of mean droplet
radius 5 ym. In this work, aperture diameters from 1 to 2.5 mm were used.

Water droplet clouds were generated within the chamber by a pair of commercially
available "cool-mist vapourizers". The cloud droplet size distribution was
determined by a Particle Measuring Systems (PMS) classical scattering aerosol
spectrometer probe (CSASP) which can sense water droplets with radii from 0.23
to 14 um (Pirnick and Auvermann, 1972). Corrections were applied to the
measured droplet .ize distributions in accordance with the response calculations
for the Knollenberg light-scattering CSASP counter (Pinnick and Auvermann, 1979).
The cloud generator covered the range of droplet sizes usually encountered in
natural cloud. The cloud generally attained a steady state condition as indicated
by the individual spectra measured over a period of five minutes. Narrower
droplet spectra, predominantly in the radius range 0.3 to 3.4 um were generated
by a De Vilbiss model 65 ultrasonic nebulizer with fixed frequency 1.35 MHz

and a water content output variable up to 6 g of water per minute. A typical
sequence of histogram giving the number of drops per channel for size range O
of the CSASP light scattering counter, is shown in Figure 1.2 for the cioud
nebulizer generator. It can be seen that the mode radius lies in channel 5
corresponding to a droplet radius in the range 3.8 to 4.8 um.

Water drcplet clouds were also generated by a comoination of a pair of the
commercial humidifiers or "cool-mist vapourizers" at medium setting and the

De Vilbiss model 65 ultrasonic nebulizer. The cloud content output from the
nebulizer could be varied by varying the amount of electrical power applied to

the piezoelectric crystal in the nebulizer. Averaged measured droplet size
distributions using the cumbination of cloud generators described above is

shown in Fig. 1.3. The cloud sizes were measured by the CSASP particle scattering

counter and ccrrected in accordance with particle response calculations of
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Pinnick and Auvermann (1979). The number size distribution spectrum shows
a bimodal structure and represents the shape of the droplet size spectrum
normally encountered at the later stages of natural cloud development.

Liquid Water Content of Laboratory Cloud

The prediction of atmospheric extinction from a measureable fog or cloud
microphysical parameter such as liquid water content is of considerable
practical interest. It is important that absolute methods for the measurement
of liquid water content are carefully evaluated. Experimental techniques

used to measure absolutely liquid water content of laboratory cloud are
described beiow.

One of the first more reliable methods for the measurement of the liquid water
content of fog was used by Houghton and Radford (1938). The amount of fog
water was measured by passing a known amount of fog laden air through a series
of finely spaced thin wire screens. An impaction method is also used here
whereby the clcud droplets impact ontc a series of flannel filters. This
method was first used by C.W. Bruce (personal communication) and is referred
to by Bruce et al. (1980). A schematic diagram of the 1iquid water impaction
device is shown in Figure 1.4. The core of the liquid water content (LWC) device
consists of an aluminium ring system which consists of a series (usually 4)
circular sheets of flannel material resting on a fine gauge metal perforated
screen or gauze. A threaded collar is used to firmly secure the filter
material when the cloudy air is drawn through the device. An o-ring assembly
is used to ensure that no extraneous air is drawn into the system. A compressor
pump (P) together with a calibrated rotameter (R) was used to give the volume
of cloudy air drawn through the filter assembly over a selected time period.
An electronic timer circuit in conjunction with a solenoid and a relay was
used to actuate the aspiration pumps. It also served to remove a flap
positioned directly over the intake tube to prevent cloudy air from entering
the LWC device before sampling. The timer circuit was used to preselect the
sampling period for the experimental measurements. Subsidiary comparative
measurements were made of the air flow at the entrance and exit ports of the
LWC device due to relativelysmall pressure droy in the system and appropriate
corrections were made to the incoming airflow values as inferred from the
rotameter R readings. Measurements using a range of different numbers of
flannel filters indicated that 4 flannel filters were sufficient to capture

411 of the cloud water under typical operating conditions.
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A second identical LWC device was placed close to the LWC impactor to

serve as a reference. Cloudy air was not aspirated through the reference
LWC device, rather the cloud droplets were allowed to fall onto the filter
assembly over the same sampling period as the measuring system. It was

found that the amount of cloud Tiquid water collected in the reference filter
was significant and must be taken into account in order to take reliable and
accurate liquid water content measurements. The filter ring assembly was
preweighed on an Oertling balance (typical weight ~ 30 g) and stored in a
dessicator. It was usual to weigh the filter, using the Oertling balance,
immediately after the cloud was drawn through the LWC device.

Another arrangement was also set up to measure liquid water content of the
cloud directly. This incorporated a top loading Sartorius model 1212 MP
balance. A schematic diagram of the system is shown in Fig. 1.5. Cloud laden
air is drawn through a funnel shaped impactor which is packed with flannel
material, by means of a compressor pump. A rotameter, R, is also in tne line
to measure the total volume of cloud sampled. A housing surrounds the
impactor which is mounted horizontally, in order to minimise cloud from
entering the device under conditions of no suction. The housing has an

opening of diameter equal to the impactor tube. Recordings of cloud water
content could be made directly with the top balance svstem. The cloud water
content per unit volume was obtained from the mass flow rate measurements of the

device.

A comparison was made between the direct filtration methods using the vertical
tube arrangement with its reference tube and the top loading balance arrangement
with its horizontal filter assembly. Both systems were adjacent to one another

in al m3

chamber lined with water absorbing black material which was pre-
wetted to yield a water saturated environment for the cloud droplets. The
cloud was produced by a commercially available "cool mist vapouriser” or
humidifier whose output was controllable by a range of baffle settings.

The results of the LWC comparison are given in Table 1.1.

It can be seen that in general, agreement between the two filtration methods
is good. Agreement is somewhat mitigated as the filter material in the top-
balance assembly becomes more wetted, resulting in an apparent loss of
collected cloud water. It is also clear that the use of a reference im-
paction assembly is imperative when using the direct filtration technique
for th2 measurement of liquid water content.
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1.5. Data Acquisition
%i Recording of the radiation data was facilitated by means of a digital panel
. printer (Datel Model DPP-Q7). The Data Acquisition system (PDS-200) was used
%g to record and display size distribution data in histogram form, as measured
by the Knollenberg particle scattering counter - model CSASP-100. A
:a Hewleti-Packard Model 5055A digital printer was used to record the particle
i size channel data which was displayed on the PDS-200 CRT screen.
;§ The PDP8-E minicomputer system was linked successfully to the data acquisition
system (PDS-20C) of the particle scattering counter. The analogue data from
?i the radiation probe detectors and the electronic top balance was also fed into
the PDP8-E minicomputer system. Access to the main frame computer (DEC-20)
:g' ' which contains the main Mie Lorenz scattering computer routines (to be
described in Section 2.2) was facilitated by a DEC SPKL8-JA terminal interface
;i for a 9600 baud rate. Because of the occurrence of a number of failures in the
‘ PDP8-E mini computer { for example, Memory Bank connector failure), and the
&q serious disruption in the research programme that would result from a major

breakdown in the PDP8-E, and the increasing difficulty of obtaining component

parts it was decided to opt for a microcomputer based data acquisition system.

The microcomputer Data Acquisition System is based on a BBC microcomputer (Model

B). Two ports an analogue voltage imput port and an 8-bit wide digital input/

: a output port are standard features of the microcomputer. A Shugart SA 300 33"
disc drive and an Epson FX-80 line printer are connected to the microcomputer

5 providing permanent storage and hard-copy display of data. The monitor is a

50 "CUB" Microvitec 2 colour monitor which is a medium resolution colour monitor

P-I: ; and a high resolution monitor in monochrome. The microcomputer can act as a
computer terminal which is connected to a DEC system-20, a mainframe computer
system. A special Read Only Memory (ROM) chip called a terminal emulator has
been installed. The program written into the ROM was written by the Computer
Science Department of Sussex University, England. The microcomputer can emulate,
or act like, several types of computer terminals such as the Digital Corporation
VT52. The Central Processing Unit or CPU is based on a 6502 microprocessor

n— ' and operates at a clock frequency of 2 MH:.

O o, G TN
e
. .

rocno

The particle data Acquisition system (PDS-200) associated with the pérticle
counter was interfaced to the BOBC microcomputer. vata was transmitted from

" the BBC microcomputer to the DEC system 20 mainframe comput.r, and was facilit-
ated by means of a softwate program X READZ on the mainframe computer. A

h"' system program called MLAB is used to analyse the data whick is stored in the

user Directory on disk.

(it it
o
o .

- - et P
LS -'Lﬁk.L‘X‘L&‘L.Ll' A"l




L mte She 20n an cun SEn sy 4

YT Y

o

&,

R e

M e b

1

Rt

6. Experimental Measurement of Middle IR Extinction and Liquid Water Content

The measurements were made in the environmental cloud housing of volume

3

1 m” with the optical arrangement as shown in Fig. 1.1. Details of the

apparatus and ancillary equipment used have been already described in the
previous sections.  The vertically polarised CO2 laser beam traversed the
chamber pathlength and emerged through a small aperture in the exit wall of
the chamber. The aperture i1 the detector probe was reduced down to 3 mm
diameter in order to minimize the entry of forward scattered radiation into
the detector (Deepak and Box, 1978 a,b).

A homogeneous path is usually assumed when the extinction coefficient Oq is
derived from the Beers-Lambert Taw of

/1, = exp (-ol) (1.8)

where IO is the incident radiation intensity and I is the intensity after
traversal of path length L through a (cloud) medium. Departures from cloud
homogeneity will underestimate the inferred extinction coefficient.

A useful technique for determining the extent of cloud homogeneity has been
devised in this laboratory. The apparatus essentially consists of a rad-
iation detector which is mounted inside the cloud housing, with the detector
being translated through the cloud on a threaded rod assembly. A He-Ne

laser is directed onto the detector which is a UDT FIL-100V silicon photodiode
operating in the photovoltaic mode. The detector mounting is driven by a
motor control module (whilst the scanning rate of the detector is set by a
controlled oscillator frequency, with 5V amplitude). The direction of
rotation of the threaded rod can be reversed by switching a 100 uF capacitor
between the motor inputs.  The motor and control electronics are fan cooled.
Scanning rates of between 30 seconds and 3 minutes are readily achieved whilst
mechanical gears are nceded to extend this range.A narrow jet of cloud free
air is continuously directed across the face of the detector during a scan in
order to prevent cloud deposition on the detector itself,

A non-cloud scan encured a uniform respense of the detector along the trans-
mission path. A quod representation of cleud homogeneity along tﬁe trans-
mission path 1s shown in Fig. 1.6 for the cloud generators located in their
normal symmetrical position in the laboratory chamber, where a 45 degree slope
entails 100 per cent homogeneity. Fig. 1.6 shows the degree of inhomogeneity
in the cloud over a trarsmitted path of 0.7 m in terms of optical depth,

en{l/1 ) plotted against patl distance. Most cloud scans with this technique
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have yielded result; similar to those in Fig. 1.6 indicating a high degree of
homogeneity of cloud in the chamber. This 1s an important finding for our
particular cloud chamber in that it obviates the need for several liquid
water measurement devices to be placed alung the transmission path. It also
implies that in general extinction measurements in the chamber do not require
correction for inhomogeneity along the transmission path. It siculd be

remarked that checks for inhomogeneity are desirable particularly in chambers
of large dimension.

ae s ol e

Both broad cloud dropletl size distribution using "“cool-riist" vapourizers and
narrow droplet size distributions using a De Vilbiss model 65 ultrasonic

Eii'

nebulizer were used in a 1 m3 laboratory chamber. Simultaneous measurement
of extinction coefficient Ogs m'] at the COZ laser wavelength A = 10.591 um
and liqiid water content W, gm-3 using the direct filtration methods out-
lined in section 1.4 were made using two distinct experimental procedures:
The first procedure involved point measurements of o, and W after the cloud
had been allowed to reach a steady state condition. Point measurements

of O and W are shown in Fig. 1.7. The error bars of the liquid water
content parameter indicates the spread in liquid water using the two filtrat-
ion methods described in 1.4. Isolated points without error bars irdicate
measurements with the vertical tube filtration method only.

The measured points reveal the ratio o /W being less than the predicted vaiuc
of 147, shown by the sclid line in Figure 1.7 as inferred from Eq. (6) using
the analysis of Chylek (1978) and Pinnick et al (1979). The largest

deviations from prediction occur for the broader size distributions as produced

by the cool mist vapourizers. The value of extinction coefficient % inferred

from the relation

Je = 3“C.N/2Re
1s overestimated for droplet radius r > 14 um. Impactor Size measuremenis,
which will be described in Section 3 of this report indicate that between

30-35% of the droplet number concentration possess radii in excess of 14 um,
when produced by the cool mist vapourizer gencrators.

A BE NE £ AN Za

Accordingly ce/H is
overpredictrd which is in accordance with the measurements in Fig. 1.7 which
are between 10-20 lowcr than predicted from £q. (1.9).

el
ll"

: The second experimental procedure ailowed the cloud to reach steady state
[ _

conditions and then the cloud generators were switched off in order to make

continuous sirultanecus measurements of o

r!"\':!
Sl

o 3nd W during cloud decay.
Narrower size dictribution, produced from the ultrasonic nebulizer were mainiy

g
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used for the decay measurements. Typical experimental results are shown

in Fig. 1.8 and Fig. 1.9 for a liquid water content range up to 7 gm'3 and

for a Tower liquid water content range from 2.59m-3down to low values of LWC.
Both figures show good agreement with the prediction of Eq. (1.9) shown by the

solid line and they represent the first set of continuous simultaneous measure-
ments of g and W.

Thus the linear relationship as predicted by Chylek (1978) between liquid
water content and IR extinction has been experimentally verified down to
relatively low values of cloud water content representative of natural cloud
values. It is aiso seen that underestimation of the extinction coefficient
sccurs for size distributions containing a sizeable proportion (~30-35%) of
drop sizes exceeding about 14 um radius.
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2. EXTINCTION AND BACKSUATTER IN WATER CLOUDS AT VISIBLE WAVELENGTHS

2.1. Introduction

Section 2 describes numerical calculations of extinction and liquid water
content of cloud and foc at infrared and visible wavelengths, based on 156
measured cloud droplet size distributions and on measured fog size distribut-
jons. Calculations are also presented of extinction and backscatter co-
efficient at visible and near IR wavelengths. The first definitive simultan-
eous measurements of both backscatter coefficiert and extinction coefficient
at visible (He-Ne Laser) wavelengths are described. Since a more complete
account of this section is contained within Appendix 1 (Pinnick, Jennings

et al, 1983) in some detail and to a lesser extent in Appendix 2 (Jennings,
1983) the more salient features will only be presented in this section.

2.2. Mie-lorenz Scattering Computer Programmes

Mie-Lorenz scattering computer codes were incorporated successfully onto the
University's main frame DEC-20 computer. A DEC VT 50 VDU terminal with
direct access to the main frame computer was acquired. In addition the Micro-
vitec colcur monitor lined to the BBC microcomputer also served as a terminal
to the DEC-2C

The Mie scattering algorithm of Davé (1968) used in the Mie-Lorenz scattering
code, which uses downward recurrence in the computation of the complex function
An is numerically stabie but time consuming. The criterion for deciding between
upward recurrence (is faster) and downward recurrence is presented by Wiscombe
(1980) and is incorporated into our Mie scattering algorithms. When downward
recurrence has to be used, the recommendation of Wiscombe (1980) was adopted:
i.e. downward recurrence was initialized using the rentz (1976) method rather
than Davés (1969) method, requiring significantly fewer number of iterations

to calculate An {mx).

The computation of scattering amplitudes Sy and 52 is achieved using Liscombe's
(1980) algorithn, and is faster than the standard method for particle response
and scattering cross-scction calculations. The smell particle approximation

of Wiscambe {194l ) w2, also incarted into the Mie scattering algorithms.

¥alues of efriciency factors using these modified routines give agreement to

at least 6 sigmificont figures with values using the original Dav€ routines.

We now have {20311ty to calculate reliably and accurately:

(1) Volume estinction, absorption, scattering and backscatter coefficients
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2.3.

s

for log-normal, gamma and power law distributions.

(ii)Efficiency factors (in tabular and plot form) for extinction, absorption,
scattering and backscatter.

(iii)Forward scattering corrections for monodispersions of particles for
extinction measurements, in terms of the path averaged correction factor

R (Deepak and Box, 1978) pertinent to our experimental open detector
arrangment.

(1v)Particle response scattering cross-sections for particle light scattering
instruments, such as the Knollenberg CSASP-100 particle counter. An example

of particle counter response for the CSASP-100 instrument for water droplets
and NaCl particles is shown in Figure 2.1.

(v) Volume extinction, absorption, scattering and backscatter coefficients from
input of data in histogram format. This is of particular relevance to

computations using data from the Knollenberg particle scattering counter.

Middle IR Extinction and Liquid Water Content in Cloud

It has been shown theoretically and verified numerically (Chylek, 1978;

Pinnick et al, 1979) that an approximate linear relationship of the form of
equation (1.6) exists between middle infrared extinction (around X = 11um)

and liquid water content of fogs. The Op - W relation has been verified
experimentally for laboratory generated cloud (this work, Section 1), Bruce

et al (1980) and Gertler and Steele (1980). Natural cloud droplets of course
can be much larger than those in laboratory cloud or fog. For this reason

we might not expect relation (1.6) to be applicable to all clouds, particularly
if droplets with radius r > 14 um dominate either extinction or liquid water
content. To investigate quantitatively the magnitude of the error involved in
the application of (1.6) tc clouds we again made Mie calculations of the
extinction coefficient and the iiquid water content for 156 cloud droplet size
distributions summarized in Table 2, Appendix 1. The results of these
calculations are compared to the size- distribution-independent prediction

(1.6) in Fig. 2.2). (The effect of gaseous absorption is small and has been
neglected). Except for cumulonimbus, nimbostratus, cumulus congestus, orographic
and some stratus type clouds (whicn contain significant numbers of large (r >

14 um) droplets) relation (1.6) is within a factor two of the numerical results.
This comparison thus reaffirms the conclusion of Ch§1ek (1978) that at between

10 and11 um there exists a nearly-unique relation between extinction coefficient

and liquid water content of the form of Eq. (1.6) for nonprecipitating clouds.
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Visible Extinction and Liquid Water Content in Cloud

A high degree of corrclation between visible extinction and liquid water
content of cloud or fcg cannot be expected to hold in general as borne out
by the work of Chylek (1978) and Pinnick et al (1979). Chilek (1978) has
shown that a linear relationship between visible extinction and liguid water
content, indevendent of size distribution will only hold providing the max-
imum allowable droplet radius does not exceed 0.55 um - clearly at variance
for typical cloud and fog droplet sizes. Indeed visible extinction can vary
by approximately an order of magnitude for a perticular LWC value as shown

by Pinnick et al (1979) and reproduced in Fig. 2.3.

Although Pinnick et al (1978) found maximum radius values for haze particles
of about 2 um, some haze distribution will kave a significant proportion

of the size distribution less than 0.55 uym. In these circumstances linearity
between visible extinction and LWC will be expected. At rear infrared wave-
Irngths where the maximum allowable radius increases to 1.2 um under which
conditions extinction is linearly related to LWL, calculaticns by Pinnick et

al (1978) indeed show linearity between 0, and ¥ at waveiength ) = 1.2um for
the haze size distributicns.

It was pointed out recently hy Jennings (1983) that it is extrem2ly unlikely
that extinction will be linearly related to number concentration fur fog
(or cloud) size distribution: at visible wavelengths.

Extinction and Rackscatter in kater Clouds at Visible Wavelengths

Twomey and towell (1265) found that there exists a relation (though not a
unique one) of the form 7, = constant ¢, between backscatter o and

extinction coefficient - using Gaussian and Poi<son size distributions.
e

Curcio and Knestrick (1950) made simultaneous measuremtns of hackscatter and

extinction in clioud and found a proportionality between extinction and back-
scatter coefficients of the form Jp = ob1.5 for weathe: conditions includirg
fog, fog and drizzlc :nd clear weather. However, there is censiderable
leeway in determining the cxponent in this prcportionality from their

measured data (their fijure 4}, In addition the effects of fog inhomogeneities

and multiple scatter contributicons to the backscatter and transmission

signals probably caused uncertainty in their data. Carrier et ai (1967)

scatter coefficients for eight model cloud
drop spectra at visible ani middle IR wavelengths.

calculated extincticn and bac

At 0.694 yum wavelength,
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they obtain an average value for all 8 cloud models of 1/22.6 for the back-

scatter to extinction ratio. More recently, Derr (1980) predicts a value of
1/16.76 for the backscatter to extinction ratio at A = 0.694 um for a set

of Deirmendjian cloud size distributions appropriate to cumulus, continental

cumulus and cumulonimbus clouds.

The backscatter cocfficient 9y of a polydispersion of spherical cloud drop-
lets described by a size distribution n(r) and refractive index m is given by

1 2
oy = lh;/;r G(m,x) n{r) dr (2.1)
where G(m,x) is the backscatter gain defined as 4u times the ratio of the
backscatter differential cross section to the geometric area.

Cloud is dominated by droplet sizes with radii 2 ym< r< 85 um corresponcing
to size parameter 12< x< 500 at a wavelength A = 1.06um. If we can assume
that atmospheric cloud droplets generally have slowly varying concentrations
over radius intervals of the order Ar=1.6 um at near IR wavelengths (1.06y)
then the Mie efficiency factor for extinction Qe can be approximated (see
Appendix 1 for further details) by

Qp =2 (1+x723) (2.2)

The backscatter gain G{m,x) can also be approximated by

G =g()) (1+68x%) (2.3)

where g (A) is a slowly varying function of wavclength and 6<< 1.

The use of approximations (2.2) and (2.3) in equations (1.1) and (2.1)

leads to the cloud extinction coefficient Oa being related to the back-

scatter coefficient (Pinnick et al, 1983 shown in Appendix 1) and has the form
-2/

> . 1q/"
g -.Bl[l + k 3,.5.’ S
Ob g

2 2
SEee <re> <rdb el >

n
where k : the wavenumber and<r

> is the nth moment of the droplet size
distribution. If ore takes account of the higher order terms in the above
equation, using cloud gamma size distribution models of Diermendjian (1969),
then these higher order terms are typica 'y 10% of the leading term for non-
precipitating clouds. If errors of this . der are acceptable then Eq. (2.4)
reduces to the simple form

~

g .
A (2.5)

e

where the extincticn is a linear function of backscatter, independent of drop
size,
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To test the range of validity of the linear extinction-backscatter relation
(2.5) for cloud we calculated using Mie theory and indexes of refraction of
water given by Hale and Querry (1973) the extinction coefficient according to
Eq.(1.1) and the backscatter coefficient according to Eq. (2.1) for 156

cloud droplet size distributions measured in the major cloud types. The
sources of these measurements together with the range of droplet sizes measured
and other pertirent information is listed in Table 2, Appendix 1. The main
sampling technique employed to obtain the cloud droplet size distributions was
that of impaction of droplets onto coated slides or replicators whose collection
efficiencies were known. The practical lower 1imit for detection of c¢loud
droplets by the impaction technique is around 1.5 um radius. The sole cloud
size determination by a light scattering counter (Ryan, et al, 1972) was
calibrated by means of uniformly seized water droplets. Only non-precipitating
clouds were used in the analysis and measurements which showed evidence of
glaciation were excluded.

The numerical calculations of extinction and backscatter are shown compared

to our linear relation (2.5) in Fig. 2.4 for A = 1.0um. {As an aside we note
that Derr's (1980) relation between extinction and backscatter 0, = 18.0 cbis
negligibly different from our relation (2.5) at this wavelength.} For all
considered cioud size distributions the relation (2.5) is within 50% of the
numerical results. Thus the numerical results suggest that cloud extinction
coefficients can be inferred from measurement of the backscatter coefficients
directly from Eq. (2.5), without need to know details of the cloud droplet
size distribution. If knowledge of the droplet size distribution is available,
then extinction coefficients could be determined more accurately by employing

the better approximation (2.4).

The simple linear extinction-backscatter relation (2.5) should be particularly
useful for lidar probing of cloud edges, where entrainment causes intense
evaporation and severe distortion of the droplet spectra, and where as a result
the spectra may not be representafive of the entire cloud. The associated wide
spatial and temporal variability in the droplet spectra will not prohibit the
use of our relation (2.5) to infer extinction coefficients from lidar back-
scatter coefficients, since the relation is size-distribution-independent.

Of course cloud packscatter coefficients can be determined from lidar return
signals (in a straight-forward way) only in the absence or neglect of multiple
scattering contributions to the lidar signal. It follows that application of
(2.5) to obtain cloud extinction coefficients from lidar returns might be
restricted to the edges of clouds where the contribution of multiply-scattered
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photons is small.

2.6. Experimental Verification of the Extinction-Backscatter Relation at Visible
Wavelengths.

The apparatus used tc measure the extinction and backscatter coefficients

is shown schematically in Fig. (2.5). 1In an attempt to determine experimentally
the accuracy of the extinction-backscatter relation (2.5)we decided to restrict
our study to laboratory simulations of cloud (because of the difficulty in

making atmospheric measurements). We generated in a cubical 1.0 m3

chamber
polydispersions of cloud droplets using "cool-mist" vaporizers and a De
Vilbiss model 65 ultrasonic nebulizer described in section 1.3. Chamber
saturation and cloud stability was maintained by soaking a black matt cloth
lining the chamber floor with water. The matt cloth also served to reduce
stray light Tevels. Droplet distributions obtained with these generation
schemes were generally unimodal with a range of drop sizes characteristic
of clouds. Interestingly, the nebulizer distributions were narrower than
those for the cool-mist vaporizers, but they resulted in higher backscatter

and extinction levels because of their much higher number concentrations.

Backscatter and extinction measurements were made simultaneously on the
laboratory simulated clouds employing a 5.4 mw He-Ne laser source, a synchron-
ous radiometer (Laser Precision Corporation model Rk 5100) for monitoring
laser power, a pyroelectric detector (LPC model RkP-545), for measuring trans-
mitted laser power, and a silicon photodetector (United Detector Technclogy
model FIL-100V) for measuring backscattered lTight. Measurement of the back-
scattered light was facilitated with a highly reflective (>99.3%) circular
mirror judiciously positioned on the axis of the laser beam so that a small
(3.16 mm) hole drilled through its center would admit the laser beam into the
fog chamber, and at the same time intercept 1ight scattered in the near-
backward direction. The mirror was tilted about 9° (from the laser beam
direction) to reflect the tackscattered radiation onto the photodetector. The
silicon photodiode has a responsivity of 0.40 A Watt~! at A = 0.6328 pm.

The backscatter signal was then amplified and mcnitered by an accurate digital
voltmeter measureable to microvolts. Test measurements of lacer radiation
were 1n agreement to within 1. using the photodiode detector and the pyro-
electric detector probe. Precautions were taken to ensure that detector
aperatures were small enough that forward scattering correcticons to both
transmission and backscatter signals (Deepak and Box, 1978) could be neglected.
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The extinction coefficient o, (km']) is determined from the Lambert-Bouguer

Law (Eq.1.8) which assumes homogeneity along the cloud path. I is the measured
radiation signal in the absence of cloud, I is the measured signal in the
presence of cloud. The backscatter coefficient op (km'] sr']) is derived

from the expression

. h+L A . -2061

inp * d2 2.6
B b 5§ b (b+2)2 ( )

where IB is the measured backscatter signal (in Watts).

I.: absolute value of the He-Ne laser radiation (in Watts).

op: the backscatter coefficient (km'] sr'])

A : photodetector area

b : path length between the photodetector and the chamber entranca,
equal to AB+BC (see figure 2.5)

The effective photodetector area was reduced by 8% due to the 3.16 mm
diameter hole in the reflecting mirror.

4
L
|
|
2
Simultaneous measurements of extinction and backscatter coefficients were
n recorded every ten seconds for 2ach experimental run. The half angle 6 sub-
: tended by the open pyroelectric detector is not more than 0.1° and so forward
g scattering correctinns to extinction measurements for the droplet media are
less than a few percent in accordance with the calculations of Deepak and Eox
] (1978 a,b). Measurements of raciation using a range of entrance apertures to
the photodiode detector indicated that multiply scattered radiation did not
! contribute to the extinction signal. The silicon photodetector output was
X
4
#
b
1
i

offset to a minimum signal level in the absence of cloud. Signal to noise
ratios > 200 prevailed for the backscatter measurement.
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Simultaneous measured values of extinction and backscatter coefficient made
at 10 second intervals are presented in Figure 2.6, for different experimental
runs. The majority of measurements are for the broader size distributions
produced by the pair of humidifiers, the narrow size distributions generally
produced the largest extinction and backscatter values (data indicated by
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O in Figure 2.6). The ratio of extinction to backscatter coefficients at the
He-Ne wavelength A = 0.6328 pym is within 20% of the predicted relation of

~

gon= E%;y G, where the equation is a Tinear function of backscatter, independ-
ent of droplet size, for clouds with liquid water contents ranging from 0.05

up to 1 gm'3. Agreement between experiment and theory is best for poly-
dispersions of droplets having a broad range of sizes (these correspond to data

points in Fig. 2.6 where o< ROkm-]sr_B_The reason for this can be understood
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by examining the more exact backscatter-extinction relation (2.4). For broad
distributions the higher order terms in (2.4) tend to cancel since they are of
opposite sign and of comparable magnitudes, making the zero order approximation
(2.5) a good one. For clouds (generated with the nebulizer technique) having

a narrow distribution of smaller droplets (corresponding to data points where
o, > 30 km']sr_]) the agreement between experiment and theory is not quite as
good. For these distributions the second term in the extinction-backscatter
relation (2.4) is no longer concelled by the (negative) contribution of the term

of order &§,rendering the linear (zero order) relation (2.5) less accurate.

The above measurements were made solely for the clouds in a steady-state condition.
Measurements were also recorded here for

(a) during the initial buiid up of cloud,

(b) steady-state cloud conditions

(c) the initial decay interval of the cloud. The cloud size distributions

are generated by a combinationof two humidifiers at medium setting and the nebulizer
whose size distribution is of the form shown in Fig. 1.3. Simultaneous measurements
of extinction and backscatter crefficients, recorded at 10 second intervals are
presented in Figures 2.7 and 2.8 for both the cloud buildup stage indicated by

"0" and the cloud decay stage "@" when the cloud generators were switched off.

In general, the measurements agree fairly closely (within about 15%) with the
predicted size distribution independent relation - Eq. (2.5).

These experimental measurements - the 1irst such work that is definitive -
verifies the linearity of the relation
8r

@ = — 3
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between extinction cecefficient Co and backscatter extinction oy at visible

wavelengths (A = 0.6328 um) for laboratory generated fog/cioud droplet dis-

o
|
, tributions. This resuii suggests that visible or near-infrared extinction
- coefficients in cloud of unknown type could be inferred from lidar backscatter
: .ﬂ measurements alone, without knowledge of the cloud droplet size spectra,
excluding complications thay may arise from multiple scattering contributions to
. the lidar return signal.
-
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3. EXTINCTION AND BACKSCATTER OF WATER CLOUDS AT C02 LASER WAVELENGTHS.

3.1. Introduction

Although C021aser technology, which incorporates C02 lidar work,is now developing

rapidly, efforts to extract attenuation from a C02 lidar return have to date been
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largely statistical in nature. A knowledge of the relationship between backscatter
and cttenuation would allow the determinatiorn of attenuation and backscatter from
the return signal of a lidar system using the analytical inversion solution of
Klett (1981). However, very little work hias been done to date on relating back-
scatter to extinction at CO2 laser wavelengths. Some of the principal recommend-
ations which resulted from the workshop on global large aerosols, compiled by
Freeman F. Hall, (1983) Chief of the Doppler Lidar program at NOAA, included the
necessity of CO2 backscatter and extinction measurements - both requiring experi-
mental and theoretical work.

We should not necessarily expect the extinction-backscatter relation (2.5) for
cloud to be applicable at all wavelengths, since the backscatter gain cannot
generally be well approximated by slowly varying functions of size parameter at
all wavelengths. To prove this conjecture, the extinction and backscatter co-
efficients for the previously mentioned 156 cloud size distributions were calcul-
ated at several laser wavelengths. An example of the results at the CO2 laser
wavelength X = 10.6 um (Fig. 7 Appendix 1) show that for a particular backscatter
coefficient the extinction varies by an order of magnitude for different size
distributions of droplets.
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Cespite the scatter in the calculated points of oy of Fig. 7 (Appendix 1), a
closer examination of the results reveal that the broader drop size distributions
within the 156 cloud size distributions investigated shows that the extinction to
backscatter ratio attains relatively constant values.

(il

The normalized backscatter cross-sectioin (efficiency factor) Q (m ,x) for water

BKS
is plotteg in Fig. 3.1 as a function of size parameter x using an updated Mie-
Lorenz scattering computer code using Wiscombe's (1980) algorithm, details of
whicn are described more fully in Section 2.2. it is seen that the normalized

backscatter cross-section oscillates about a constant value for x > 6 (radius

T

r > 10 um at XA = 10.591 um). In view of the fact that calculations show that
the extinction cross-section is constant for increasing x for x > 8 at ) =

10.591 um, we can predict that extinction/backscatter will pe largely independent
of x also for x >6-8.
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Calculations indeed show that the extinction to backscatter ratio oe/ob at

A = 10.591 ym (P20 CO, laser wavelength 1ine) oscillates about a constant
value for water droplet radius > 8.5 um as shown in Fig. 3.2. We predict
that broad cloud drop size distributions will give rise to relatively constant
values of extinction to backscatter ratios at 002 laser wavelengths.,

For size parameter x< 8 the efficiency factor for extinction 0c can be
aporoximated by the linear relation (1.4), Qe (myx) = c(A). x at C02 laser
wavelengths. The backscatter gain G(m,x) is a rapidly varying function of x
(see Fig. 3.1) over the same size parameter range. It follows that for x< 8
(droplet radius < 14 um) at C02 laser wavelengths, the extinction to backscatter
ratio is a sensitive function of drop size as is borne out by the numerical

calculations of extinction and backscatter for natural cloud, shown in Fiq. 7
(Appendix 1).
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Experimental Measurement of Backscatter Coefficient and Extinction Coefficient

at CO, Laser Wavelengths.

Experimental Apparatus and Techniques

Backscatter and extinction measurements were made on laboratory simulated
clouds employing the model 941S CO2 laser source, a synchronous radiometer
(model Rk5100) for monitoring laser power, a pyroelectric detector (LPC model
RkP-545) for measuring the transmitted laser power and an Infrared Associates
Inc. Mercury Cadmium Telluride HgCdTe Tiquid nitrogen cooled 8-13um radiation
photoconductive detector (Model No. HCT-90) for measuring the backscattered
light. Attempt were mede to use a similar technique described in Section

2.6 for visible wavelengths whereby a central hole drilled through a metalized
mirror surface would admit the laser beam through the cloud chamber and at
the same time intercept the backscattered radiation onto the HgCdTe detector.
However it was not possible to use this technique because of the occurrence
of directly reflected radiation from the internal walls of the hole onto the
sensitive detector. The detector was placed close to the C02 laser axis in
the backward direction, at a distance not more than 5.9 cm from the axial
direction, thus subtending an angle not less than 177.4° with the forward
direction at the chamber centre. The HgCdTe detector was mounted on an x-y
translation stage with vertical height adjustment.

The evaluated detector possessed a metal dewar assembly which contained the
necessary liquid nitrogen for cooiing the detector. The HCT-90 detector had

a sensing area of 1 mm squared. The signal from the detector was fed into a
PPA-15-1 pre-amplifier, then into the input of a EG&G Brookdeal Model 9501
Tock-in amplifier. A EG3G Brookdeal model 9479 light chopper, operating
normally at 1000 Hz served as reference to the lock-in amplifier. The amplifier
output from the lock-in amplifier was recorded on a Philips model PM8100 chart
recorder. Precautions were taken to reduce stray reflected IR laser radiation
from entering the detector during experimental runs. The detector aperture

on the pyroelectric probe RkP-545 was maintained at 3 mm to minimise forward
scattering corrections to the transmission signal (Deepak and Box, 1978).

The water clouds were produced using "cool-mist" vapourisers on their own
and in combination with a De Vilbiss model 65 ultrasonic nebulizer (see
section 1.3). Typical droplet size spectra obtained using a two-stage
impactor (Garland, 1971) mounted in a wind tunnel are shown in Fig. 3.3,
using the "cool-mist™ humidifiers at medium (upper figure) and high settings.
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particle scattering counter) to be measured. The droplets which impacted
onto gelatine slides were viewed and measured microscopically with the aid
of a Porton graticule.

(b) Measurement of Backscatter Coefficient and Extinction Coefficient at
992 Laser Havelengths.

Due to the necessarily high sensitivity of the HgCdTe detector, it was not
possible to make simultaneous measurement of extinction and backscatter in
the chamber cloud. (This is because the backscattered or reflected signal
from the walls of the pyroelectric detector probe at the exit end of the
chamber greatly exceeded the true signal). The experimental proceduy2 i7-
volved firstly the measurement of the initial CO, laser intensity (I )

m g ﬁ ’ ﬁ..” ﬁ n ﬁ ﬂ ﬂ

before entering the chamber followed by measurement of the backscatter
signal,interspersed with extinction measurements. Both backscatter and
extinction measurements were made for steady-state cloud conditions and
during cloud decay. The backscatter coefficient oy, (km-] Sr']) is derived
from equation (2.6). The absolute value of the C0, laser radiation, in
Watts, was determined from the pyroelectric RkP-545 probe which was calib-
rated by means of an Electro Optical Industries Inc. Blackbody Source,
mcdel WS 153, of one inch conical cavity with temperature controller prov-
iding a temperature range from 50 to 1000°C.

The measured backscatter signal with output from the lock-in amplifier was

calibrated by directing a known Tow CO2 laser radiation signal onto the

1.*“"
Wi oA S 48 4 H

HgCdTe detector. The low level CO2 laser radiation signals were monitored

on the model Rk 5100 radiometer operating in synchronization with a CTX-37
external chopper.

o g
» P
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PR T

Signal to noise ratios of at least > 10 (and generally much in excess of 10)

prevailed for the backscatter measurements. Measurements of backscatter

o e

T

coefficient and extinction coefficient at A = 10.591 um (unless otherwise stated)

are presented in Fig. 3.4. Cool-mist vapourizers were used here to produce the

g n = o
; '

laboratory cloud. Measured values taken in steady st-~te cloud conditions, are

indicated by the pointc "8" in Fig. 3.4. The experimental points "@" represent

measurements of backccatter and extincticn coefficients made during the growth
stage of the cloud up to the steady state value.

Most measured values of the extinction to beckscatter ratio oe/ob are above

f..
ﬁ

the lower bound line representing a value of 350 in Fig. 3.4. This lower

bound value also represents the minimum values obtained for oe/:.b using numerical
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calculations of backscatter and extinction coefficient based on 156 measu

dropiet size distributions (see Fig. 7, Appendix 1). The vast majority of
measurements for the cool-mist huanidifier cloud yield values of extinction to
backscatter ratio from 350 up to 550, as shown in Fig. 3.4. These ratio values
reflect the fact that the cloud droplet size parameters were predominantly< than
about 6 (radius < about 10 micrometres), a region where the backscatter cross-
section possesses much greater values than average (Fig. 3.1).

Fig. (3.2) predicts that the extinction to backscatter ratio is a sensitive
function of drop size for droplet radius< 10 ym. This prediction is borne

out by the upper measurements in Fig. 3.4 which were performed on a different
type of cloud : produced by a combination of the ultrasonic nebulizer with two
humidifiers. The narrower size distributions produced the larges backscatter

and extinction signals because of their much higher concentrations. It is clear
that the measured extinction to backscatter ratio is sensitive to the cloud size
distribution over the range of droplet size used.

Measurements were generally made at the CO2 laser P20 line (A = 10.591 um).
However some measurements were made at the R 18 line (A = 10.261 um) for cloud
produced by the combination of nebulizer and two humidifiers. These are shown

in Fig. (3.4) and are indicated by "X". They yield larger oe/ob ratio values,
principally because the extinction per unit mass is greater at A = 10.261 um than
at A= 10.591 ym (see Pinnick et al, 1979 for details).

Conclusions

The measurements described in this section represent the first definitive
measurements of backscatter and extinction coefficient in laboratory cloud at
CO2 laser wavelengths. The measurements are in reasonably good agreement with

numerical predictions on cloud possessing narrow type size distributions as are
used here.

The measurements yield relatively constant values for extinction to backscatter

ratio for the same common form of size distribution. The ratio values vary

between 350 and 550 in these experiments. It is also clear that the measurementcs

show sensitivity of Oe/ob to size distribution when a different shaped size
distribution is used.




.
Ve
¥,
LS
v
v o

- 24 -

It is now planned to carry out measurements for broader size distributions

where it it predicted (see Fig. 3.2) that the extinction to backscatter ratio
becomes fairly insensitive to droplet size.
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Fig. 1.2. A size distribution histogram from the cloud
nebulizer generator.




Fig.1.3 Measured laboratory-generated cloud droplet
4 size distributions used to examine the accuracy
10 i of the extinction-backscatter relation. The
droplet generators consisted of two humidifiers
(at medium setting) and a De Vilbiss Model 65

nebulizer at 7.5 output setting.
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Fig.l.6. Optical depth as a function of transmission path length
in the laboratory cloud chamber.
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Measured values of extinction coefficient Oe (mﬂl)
and of liquid water content W (gm=3) for laboratory
cloud at wavelength X = 10.591 um.

Fig.l.7.

D WATER CONTENT , gm
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1.8 Continuous simultaneous measurements of e and W for Taboratory cloud
at A = 10.591 pym. The Tower solid line is a best fit to the data.
The upper straight line is that predicted by the Ch§lek relation.
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Fig. 1.9  Continuous simultaneous measurements of g, and W for laboratory cloud 1

at A = 10.591 um. The solid straight Tine is that predicted by the
Ch¥lek relation.




Fig. 2.1 Mie theory response calculations for the Knollenberg CSASP particle
counter for NaCl particles (lignter curve) and water droplets.
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Fig. 2.2 Voiume extinction coefficient at A=10.6 um versus liquid water
content for 156 cloud droplet size distribution measurements of

cumulus and stratus clouds.
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Fig. 2.4 Volume extinction coefficient versus volume backscatter coefficient
at wavelength A = 1.06um for 156 droplet size distributions
measured for the major cloud types.
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Fig. 2.6 Comparison of measured cloud backscatter and extinction
coefficients with the theoretical relation (2.5).
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Fig.2.7 Comparison of measured cloud extinction and

backscatter coefficilents with the theoretical

prediction (2.5)

0 : indicates measurements during buildup of cloud

® : indicates measurements during cloud decay.

The extinction and backscatter coefficient measurements
Sr were made for laboratory-generated clouds having an

averaged size distribution shown in Fig.1.3.
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Fig. 2.8 As in figure 2.7 except for higher-cloud nebulizer
output.
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Fig. 3.3 Histogram size distribution measurements of
756G - laboratory cloud using a two stage impactor.
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APPENDIX 1

Backscatter and Extinction in Water Clouds

R.G. Pinnick. S.G. Jennings, Petr Chylek. C. Ham and
W.T. Grandy, Jr.

J. Geophy. Res., 88, pp. 6787-6796, 1983.
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Backscatter and Extinction in Water Clouds

R. G. Pivnick,! S. G. JEnNINGs,? PETR CHYLEK,® CHRris Ham,* aND W. T. Granpy, Jr.?

An approximate refation between the volume extinction cocflicient g, and backscatter coeflicient o, of
atmosphenc cloud at visible and near-infrared wavelengths is derived. The relauon_lls”onlz,weulfly
dependent on the size distabution of drop}cu and has the fot:m fv,,’o, - (_Sx/g)(‘l +k g(r 2{r=Y)
= KA N + KA () /{ry<r?))]} where the extinction efficiency is appronmale‘d bx a
complex-angular-momentum-theory result and the parameters y_and S are §elennmed by approximating
a running mean of the backscatter gain by G(x) = {1 + 8x7)(x is droplel size parameter and § « 1), k is
the wave number, and (") is the nth moment of the droplet size distribution. To zero order the relan.on
is lincar and independent of the droplet size distribution o, = [8n/g(4))a, where g(1) is a slowly varying
function of wavelength. At a wavelength i = 1.06 um the relation is o, (km~™') = 18.2 a, _(Irm'l sr'.').
Predictions made with this simple zero-order approximation are in good agreement (within 50%) with
Mic calculations of extinction and backscatter coefficients based on 156 measurements of cloud drop}el
spectra in cumulus and stratus type clouds. The linear o, — o, relation is also in _agreement with
extinction and backscatter measurements made on laboratory-yenerated fog droplet distributions. The
relation suggests that visible or near-infrared extinction coefficients in cloud of unknown type could be
inferred from hdar backscatter measurements alone, without knowledge of the cloud dropilet size spectra.

barring complications arising from muitiple scattering contributions to the lidar return.

1. INTRODUCTION

A possible relation between atmospheric backscatter and
extinction {or visibility) has been of interest to scientists for
more than 2 decades. Curcio and Knestrick [1958] found ex-
perimentally by using a white light source a detinite corre-
lation between backscatter and transmission measurements
for atmospheric conditions ranging from relatively clear wea-
ther to fog to drizzle. Twomey and Howell [1965] were able to
at least partially explain Curcio’s findings by showing that for
nolydispersions of water droplets the ratio of calculated parti-
cle backscatter to extinction for a white light source is oply a
weak function of droplet size distribution. They used Gaus-
sian, Poisson, reversed Poisson, and bimodal distributions
characteristic of atmospheric fog and haze in their numerical
study. Additional experimental evidence for correlation of
backscatter and extinction for white light sources was provid-
ed by Vogr [1968].

With the coming of the laser used in the lidar technique and
its application to the remote measurement of cloud [Collis,
1965; Schotland et al., 1971; Plass and Kattawar, 1971; Zuev
and Balin, 1972; Plart, 1973; Derr et al, 1976; and others]
there was additional interest in the question of a possible
relation between backscatter and extinction, but in this case
for monochromatic sources. Although Silverman and Sprague
[1970] did not intend to utilize a laser source in their instru-
ment for single-ended measurements of visibility, their feasibil-
ity studies are for monochromatic sources. They calculated the
backscatter coeflicient g, and the extinction coefficient o, for
polydispersions of water droplets having gamma-type size dis-
tributions considered to be characteristic of common fog and
cloud types. Their numerical studies indicate an approximate

' US. Army Atmospheric Sciences Lat-» story, White Sands Miss-
e Range, New Mexico 88002,

! Department of Physics, University College, Galway, Ireland.

> Atmospheric Sciences Research Center, State University of New
York in Albany, Albany, New York 12222.

¢ Physical Sciences Laboratory, New Mexico State University, Las
Cruces, New Mexico 88003,

3 Department of Physics and Astronomy, University of Wyoming,
Laramie, "Wyoming 82071.

This paper is not subject to U. S. copyright. Published in 1983 by
the American Geophysical Union.

relation between backscatter and extinction of the form o, ~
0,%°%. Similar numerical investigations, but specifically for the
hidar application, have been made by Derr [1980]. Derr
showed the backscatter to extinction ratio for ruby (4 = 0.694
um) and Nd-YAG (4 = 1.06 um) sources is a slowly varying
function of drop size. Like Silverman, Derr calculated back-
scatter to extinction ratios averaged over various gamma size
distributions representative of cumulus and cumulonimbus
cloud and from these results estimated approximate linear
relations between backscatter and extinction coefficients.

Up to this point, then, investigators have found either ex-
penimentaily or through numerical studies that there should
exist at least an approximate relation between backscatter and
extinction coefficients in water clouds, but the underlying
reason for the relation is unclear.

In this paper we re-examine from a theoretical standpoint,
in light of recent complex-angular-momentum theory predic-
tions [Nussenzveig, 1969; Khare and Nussenzveig, 1977a; Nuss-
enzveig and Wiscombe, 1980], the question of a possible rela-
tion between backscatter and extinction, and the universality
such a relation might have.

We derive, using a complex-angular-momentum theory ap-
proximation for the extinction efliciency, and a simple curve-
fit approximation for the running mean of the backscatter
gain, a relation between extinction and backscarter that to
Zero order is independent of droplet size distribution; higher-
order terms in our solution take the size distribution depen-
dence into account. These terms are worked out explicitly for
gamma-type size distributions characteristic of cloud and are
found to contribute on the order of 10% of the leading term.
Because of the simple form of the solution which neglects
higher-order terms (wherein extinction is related linearly to
backscatter with no “size distribution dependence), we con-
centrate on investigating the universality of this (zero order)
solution, We compare the zero order solution (which at
A=106 umis o, (km~') = 18.2 o, (km™?! sr~')) to both Mie
calculations (for 156 measured droplet distributions) and
measurements of backscatter and extinction made on labora-
tory generated clouds. Agreement is in both cases generally
within 50%. Our experimental verification of this linear @,
~ a, relation is the first such work that is definitive.
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Fig ! Complex angular momentum {CAM) theory calculations

of :he siuncuon efficency for water dropicts having size parameters
charsctersucs of water cloud at visible and near-IR wavciengthsy
Also shown are results for the lowest order CAM xhco:y terms used
in the denvauon of the backscatter-extinction relauon (17).

relation exists at an infrared laser (10.6 ym) wavelength. where
he backscatter to extinction ratio can vary by more than an
order of magnitude with the form of the cloud droplet size
distribution. We also show that cloud liquid water content for
clouds of unknown droplet size distribution cannot be inferred
from visible, infrared. or ncar-millimeter backscatter measure-
ments alone. Finally, we demonstrate that previously derived
relations between infrared (4 = 10.6 pm) extinction and liquid
water content in fog, and between infrared (2 = 3.8 um) ab-
sorption and liquid water content in fog [Chylek. 1978;
Pinmck et al., 1979] can also be applied to most clouds.

2. BACXSCATTER AND ExTincTion v CLoup

The volume extinction and backscatter coeflicients o, and
o, of a polydispersion of spherical cloud droplets char-
acterized by a size distribution n{r) and refractive index m are
pven by

g, = J-xr:Q‘n(r) Jdr (l)‘

ay = % J- xr’Gnir) dr )

where Q. tm, x) is the Mie efficiency factor for extinction for a
particle with refractive index m and size parameter x = 2nr/A,
and Gim, x) is the backscatter gain defined as 4z times the
ratio of the backscatter differential cross section to the geo-
metric area. Because of the complex size dependence of @, and
G, il we are to find an approximate relation between extine-
tion and backscatter coefficients, we will no doubt have to
resort’ to some approximate expressions for the Mie ef-
ticiencies @, and G in equations {1} and (2).

3. APPROXIMATION FOR THE ExTINCTION EFFICIENCY

Extinction in cloud is dominated by droplets with radii 2
#m <r <85 um, corresponding to size parameters
12 < x < 500 at a wavelength A = 1.06 um. These relatively
large size parameter values suggest asymptotic expansions for
the Mic extinction and backscatter efficiencies, and just such a
theory has been devcloped by Nussenzreig [1969], who ana-
lyucally continued the Mie series into the complex angular

momentum plane. The resulting analytic expressions for the
scattering functions, for large x, are given in terms of the poles
and saddle points contributing to the scattering amplitudes in
the complex plane of summation index. The compl:x-angular-
momentum (CAM) theory expression for the ectinction ef-
ficiency has been worked out by Nussen:zveig and Wiscombe
[1980]:

8m*
(m* - Dm+1)

—0.715x"*? 4 O(x~3?) 3

A plot of this approximate expression for Q, (Figure 1) shows
the familiar damped oscillating behavior with period Ax = x/
(m—1 =95 If we can assume atmospheric cloud droplets
generally have slowly varying concentrations over correspond-
ing radius intervals (Ar = 1.6 gm at 4 = 1.06 um), then, since
we are concerned only with integrals of Q, over cloud size
distributions, we can neglect the oscillatory sin term in (3). We
can also neglect the terms O(x~*%) and O(x~*?) since for
x > 10 they are less than ~ 10% of the second term O(x~3*3).
Given these constraints we can approximate Q, by

Q. =21+ x7) 4

Q. =2+ 19923 sin [2(m — Nx]x”!

as shown in Figure 1.

4. APPROXIMATION FOR THE BACKXSCATTER GaIN

The backscatter cross section (and backscatter gain) can
also be approximated by using complex-angular-momentum
theory. Within the framework of CAM theory the single-
particle backscatter cross section

4n
" - rIG-—-
O, b1t ks

Sy(x. m) (5)

is evaluated by making a Debye expansion of the scattering
matrix [ Nussenzveig, 1979]

S)(x, r} = Z S, x, x)

»=0

j=12 (©)

and identifying dominant terms. In this expansion the pth
term is associated with (p — 1) internal reflections at the dro-
plet surface, except for p = 0, which is associated with direct
reflection. According to the computer evaluations of Khare
and Nuzzenzveig [ Nussenzveig, 1979] for water droplets with
index of refraction given by

n = [cos (11n/48)]~ ' = 1.33007 U]

the following four-term approximation to the amplitudes ac-
counts for 80-90% of the backscattered intensity

Six, 1) = 5,0+, M4, @5, @ (8

These arise from the (p == 2) residue series, the 10th-order rain-
bow, and the geometrical optics rays at p=0, p = 2. The
intensity computed from (8), |S,|?, gives rise to interference
among the four terms, resulting in quasiperiodic oscillations
with periods Ax =041, 0.83, 1.1, 14 [Nussenzveig, 1979].
These periods are evident in Mie calculations of the back-
scatter gain in Figure 2.

Since our interest is in backscattering from a polydispersion
of many cloud droplets of different size, rather than back-
scattering from single droplets, we are motivated to consider
averages of the intensity. If one averages over the largest
period, Ax = 14, the intensity in the backward direction is well
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Fig. 2.

Mic calculations of the backscatter gain Gix) for water dropiets at a wavelength 2 = 1.06 um (refractive index

m = 1325 = § x 107" calculated for size parameters around x = 300 with resoiution in size parameter Ar = 0.0, The
quasipenodic structure with periods Ax = 041, 0.83, 14 are apparent.

approximated by the sum of the squares of the amplitudes on
the right-hand sid= of (8). Moreover, the geometrical optics
terms are Of{x) and make small contributions in the range
20 < x < 500. Thus. for our purposes {(water drops in cloud),

ISix P = 1S, o+ 1S, M ) 9)

and only the p = 2 residue series and p = 11 (10th-order rain-
bow) Debye terms of the scattering amplitude need be evalu-
ated.

The following asymptotic expressions for these terms can be
extracted from Khare's [1976] thesis

Tenth-Order Rainhow (p = 11)

ar

S Blxm = mmeexp (x)pf = po*NAIGS3)

— x71(go" = go™)Ar ()]

(109)

Where x = 2x, the parameters A, |, pof, po™. go%, and go™ are
determined by saddie point evaluations in the complex angu-
lar momentum plane [Khure and Nussenveig, 1977b), and Af is
the Airy function [ 4bramowit= and Stegun. 1966]). Evaluation
of these parameters leads to the following expression for the
10th-order rainbow term

1S, 0"x, mIF = 175.99x'%2[9.8 x 1077} Ai( —0.00311x>7)2
+ 1.37 x IO'SX':”[441"(—-0.00411,(:”)]:] (11)
Residue Series (p = 2)

Once again we extract from Khare's thesis the leading be-
havior of this term:

$,.2"x, 1) = —0.24276x* exp (- 0.42074x'7)
cexp [i(2mx — n/6 + x{;)] (12)

where {, is a small purely real angle. Finally, squaring this
amplitude gives

1S, 3 (x. 7)1? = 0.05893x% %exp (~0.8415x"3)  (13)

The CAM theory result for the backscatter gain, calculated
according to equations (5), (9), (11), and (13)

G(x) = 704x*[9.8 x 1077} 4i(—0.00411x*")|?
+ 1.37 x 107 3x 72 4i'(~0.00411x3"%)}?]

+ 0.236x*"exp (—0.842x1?) (14)

are shown compared to the exact Mie result (averaged over
Ax = 0.83) in Figure 3.

Although the CAM theory prediction has the correct form
(it is slowly varying over the-trange 20 < x < 500, but never-
theless steadily increases for x > 200), it is too low by an
additive constant of about 1.2. (As an aside we note that the
geometrical optics ray contribution to the backscatter gain
has the correct form to account for this discrepancy, but it is
still small compared to the terms in (14).) We offer the follow-

ing reasons for the underprediction by CAM theory: (1) We' =

have retained only leading order corrections in the asymptotic
expansions of the p = 2, 11 terms in the Debye series, and (2)
there is no apparent fundamental reason for the existence of 2
unique functional relation between backscattering and extinc-
tion coefficients, for they correspond to entirely different
physical processes. That the theory nevertheless provides qual-
itatively correct verification of our expectations is remarkable,
and thus the connection seems worthy of further analysis. We
leave this further analysis for future work.

Because of our failure to reproduce the correct magnitude
result with CAM theory, we instead propose a simple curve-fit
approximaticn to the backscatter gain. Since our interest is in
lidar backscattering from a polydispersion of ‘droplets (rather
than from single droplets) we again neglect the oscillatory
component evident in the exact Mie results and approximate
the gain by

G(x) = g(AX1 + 8x?) (15)
where g() is a slowly varying function of wavelength and
& « 1. This approximate expression is shown compared to the
exact Mi: results in Figure 3.

- BRET ASNILABLE COPY

e

.



PINNICK ET AL.: BACKSCATTER AND ExTincTiOoN BY CLOUDS

6791

TABLE 2. Cloud Size Distribution Measurements

Range of Droplet

Number of Drop
Sizes Measured

Size Distribution

Source Cloud Type (radii in um) Mecasurements
aufm Kampe and Cumulus Congestus 1.5-92 1
Weickmann [1952]
Battan and Reitan Cumulus 1.75-58 5
[1957] Cumulus Congestus
Tropical Cumulus
Diem [1948] Cumulus 1-32 6
Cumulus Congestus
Stratocumulus
Altostratus
Nimbostratus
Stratus
Durbin [1959] Cumulus 0.75-30 2
Eagan et al. Stratocumulus 1.25-15 12
[1974] * Cummulus
Fitzgerald (1972} Continental Cumulus 35-11.5 7
Maritime Cumulus
Fitzgerald
and Spyers-Duran Cumulus 1.75-10.¢ 4
[1973] Stratocumulus
Jiusto [1967] Maritime Cumulus 1.5-24 4
Orographic Stratocumulus .
Ryan et al. [1972] Continental Cumulus 2-42 33
Mantime Stratus
Maritime Cumulus
Singleton and Stratus 1.5-62 17
Smith [1960]
Spvers-Duran Altostratus 25-24 4
[(1972] Altocumulus
Squires [19°8] Orographic 25-82 10
Tradewind Cumulus
Continental Cumulus-- R
Warner [1969. 1973a] Cumulus 1.25-24 20
Warner [19735] Maritime Cumulus 1.5-13 4
Weickmann and Cumulus Congestus 2.5-100 3

aufm Kampe [1953]

Cumulonimbus

cecipitation cloud model C.6. Although the serics appears to
» diverging for the C.6 model, this is not the case. In fact, for
recipitating clouds the higher-order terms decrease rapidly in
ragnitude and further partially cancel the term O(d) in equa-
‘ons (17) and (19), rendering the leading term more dominant.
“his suggests that if ~20% errors are acceptable, equation
:7) has a particularly simple form

. (20)
g

c
ere the extinction is a linear function of backscatter, inde-
entent of droplet size.

Of course. the argument that higher-order terms in (19) are
mall assumes cloud droplet distributions are broad (so that
e oscillatory terms in Q. and G can be neglected) and further
hat they have a single-mode gamma-type size distribution.
This latter assumption in particular is not very realistic for all
Joud types. In the next section we investigate the range of
-alidity of the linear extinction-backscatter relation (20) for
nore realistic (measured) cloud distributions.

6. NUMERICAL VERIFICATION OF THE
EXTINCTION-BACKSCATTER RELATION

To test the range of validity of the linear extinction-
sackscatter relation (20) for cloud we calculated, using Mie

<l
¢

»
e

o
~

EXTINCTION COEFFICIENT {km™")
g »

,047 s KIJ° 2 s |6‘ H s K‘)z
BACKSCATTER COEFFICIENT (km's¢™)

Fig. 4. Volume extinction coeflicient versus volume backscatter
coeflicient at a wavelength 1 = 1.06 ym for 156 droplet size distri-
butions measured in the major cloud types: Cu, denotes cumulus,
cumulus congestus, continental cumulus, maritime cumulus, tropical
cumulus, altocumulus, and tradewind cumulus; Sc, stratocumulus;
Cb, cumulonimbus: Or, orographic; St, stratus; As, altostratus; Ns,
nimbostratus: and Mst denotes maritime stratus. The results are in
good agreement with the size-distribution-independent prediction (20)
{shown by the solid straight line) relating extinction uniquely to back-
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Fig 5 Typical laboratory-generated cloud droplet distributions

used to invesigate the accuracy of the extinction-backscatter rela\'xon
(201 The measurements were made with K model CSASP-100 light
scattenng counter (manufactured by Particle M:asurcmen_l Systems,
inc.. Boulder. Colo} calibrated for water droplets according to the
prescnption of Pinnick and Auvermann [1979].

theory and indexes of refraction of water given by -Hale and
Querry [1973]. the extinction coefTicient according to equation
(1) and the backscatter cocfTicient according to equation (2) for
156 cloud droplet size distributions measured in the major
cloud types. The sources of these measurements together with
the range of droplet sizes measured and other pertinent infor-
mation is listed in Table 2. The main sampling technique em-
ploved to obtain the cloud droplet size distributions was that
of impaction of dropicts onto coated slides cr replicators
whose collection efficiencies were known. The practical lower
limit for detection of cloud droplets by the impaction tech-
nique is asound 1.5 pm radius. The sole cloud size determi-
nation by a light scattering counter [Ryan et al.. 1972] was
calibrated by means of uniformly sized water droplets. Only
nonprecipitating  clouds were used in the analysis and
measurements which showed evidence of glaciation were ex-
cluded.

The numerical calculations of extinction and backscatter
are shown compared to our linear relation (20) in Figure 4 for
4 = 1.06 um. (As an aside we note that Derr’s [1980] relation
between extinction and backscatter o, = 18.0 o, is negligibly
diffzrent from our relmion (20} at this wavelength.) For all
considered cloud size distributions. the relation (20) is within
207, of the numerical results. If the measured droplet distri-
butions were extrapolated bevond the range of measured sizes
timposed by the instrumentation), then the calculated extinc-
non and backscatter coeflicients would probably fall even
closer to our relation (20). The reason is that extrapolation of
a distribution will allow more chance for cancellation of the
oscillatory terms in Q, and G, which are neglected in deri-
vatoen of (20). Thus. the numerical results suggest that cloud
extinction coeflicisnts can be inferred from measurement of
the buckscatter coeflicients directly from (20) without need to
know details of the cloud droplet size distribution. If knowl-
edge of the droplet size distribution is available, then extinc-
tion coefficients could be dztermined more accurately by em-
ploying the better approximation (16).

The simple linear extinction-backscatter relation (20) should
be particularly useful for lidar probing of cloud edges, where

entrainment causes intense evaporation and scvere distortion
of the droplet spectra and where, as a result the spectra, may
not be representative of the entire cloud. The associated wide
spatial and temporal variability in the droplet spectra will not
prohibit the use of our relation (20) to infer extinction cocf-
ficients from lidar backscatter coeflicients since the relation is
size distribution independent.

Of course. backscatter coeflicients within cloud can be de-
termined [rom lidar return signals only so far as radiation
from the transmitter can penetrate the cloud and further be
backscattered with sufficient intensity so as to be detectable by
the receiver. This penetration depth is on the order of scveral
tens of meters for heavy cloud having liquid water content of a
few tenths of a gram per cubic meter. Probing the interior of
clouds has. in addition to the limitations posed by loss of
signal due to attenuation, complications arising from multiple
scattering contributions to the lidar return. Monte Carlo cal-
culations of Kunke! and Weinman [1976] and Plant [1981]
show these contributions are appreciable for cloud optical
depths greater than about 0.5, depending on the solid angle
subtended by the lidar receiver. It is beyond the scope of this
paper to discuss methods for taking multiple scattering contri-
butions into account. We only point out there are compli-
cations in the interpretation of lidar data that cannot be over-
come simply by using knowledge of our relation between
backscatier and extinction {20). On the other hand. this rela-
tion should simplily the interpretation of lidar data. even
when multiple scattering contributions to the lidar return
signal are important.

7. EXPERIMENTAL VERIFICATION OF THE
EXTINCTION-BACKSCATTER RELATION

It would be desirable to compare the extinction-backscatter
relation (20) to direct measurements of these quantities. The
only known simultaneous measurements of backscatter and
extinction in atmospheric cloud are by Curcio and Knestrick
[1958]. They found empirically a proportionality between ex-
tinction and backscatter coefficients of the form g, ~ ¢,%%
for weather conditions including fog, fog and drizzie, and clear
weather. However, there is considerable leeway in deterrmining
th= exponent in this proportionality from their measured data
(their Figure 4). In addition, the effects of fog inhomogeneities
and multiple scattering contributions to both the backscatter
and the transmission signals are potential uncertainties in
comparing our relation (20) with their data.

In an attempt to determine experimentally the accuracy of
the extinction-backscatter relation (20) we decided to restrict
our study to laboratory simulations of cloud (because of the
difficulty in making atmospheric measurements). We gener-
ated in a cubical 1.0 m® chamber polydispersions of cloud
droplets using ‘cool-mist’ vaporizers and a De Vilbiss model
65 ultrasonic nebulizer. Chamber saturation and cloud stabili-
ty was maintained by soaking a black matt cloth lining the
chamber floor with water. The matt cloth also served to
reduce stray light levels. Droplet distributions obtained with
these generation schemes were generally unimodal (Figure $)
with a range of drop sizes characteristic of clouds. Interest-
ingly, the nebulizer distributions were narrower than those for
the ccol-mist vaporizers, but they resulted in higher back-
scatter and extinction levels because of their much higher
number concentrations.

Backscatter and extinction measurements were made simul-
tancously on the laboratory simulated clouds employing a 5.4
mw He-Ne laser source, a synchronous radiometer (Laser Pre-
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Rk 5100} for monitoring laser

el Corpﬁ::‘,:c:ri?%ictlcc(m (LPC model RRP-545), for
ri:g pir:rl;mi((cd laser power, and a silicon photo-
e United Detector Technology mode!l FIL-100V) for
driecror ! n;ckncancr:d light. Mecasurement of the back-
ttered light ;v;u facilitated with a 'highly rcﬂcclivc. (>
MJ*» cular mirror judiciously positioned on the axis of
A atl;;nm so that 2 small (3.16 mmy} hole drilled through
ys center would admit the laser b_cam into the ff)g chamber,
and at the same lime intercept hgh!A scattered mu the near-
backward direction. The mirror was tilted about 9 (from .[hc
laser beam direction) to rcﬁcc; the backscattered radiation
onto the photodetector. Precautions were taken to ensure tbal
detector aperatures were small enough that forward scat?crmg
corrections o both transmission and backscatter signals
[Deepak and Box. 19787 could be neglected. o ' .
The results of these measurcmcpls are summarnized in
Figure 6 where the ratio of extinction to bac?(sc:x.uc.r coef-
fic.eats at the He-Ne wavelength 4 = 0.6528 pm is within ZQ%
of that predicted by onr size-distribution-independent relation

;\\"f.

measuring b

the laser

(>0) for clouds with liquid water contents ranging from 00510

16 ¢ m™’ (In this comparison we h;.n'e used yla = 0.6943
pmmy = 1.42 rather than a value of ¢y for 4 = 0.6328 um, but th‘c
difference is estimated to be smali.} Agreement between experi-
ment and theory is best [or polydispersions of droplets having
a broad range of sizes {these correspond to data points in
Figure 6 where o, < 30 km ™" st '). The reason for this ¢an be
undersipod by examining the more exact backscatter-
extinction relation (17). For broad distributions the higher-
order terms in (17) tend to cancel since they are of opposite
sign and of comparabie magnitudes, making the zero-order
approximation (20} a good one. For clouds (generated with
the nebulizer technique) having a narrow distribution of
smaller droplets (corresponding to data points where g, > 30
km ™' sr”') the agreement betwesn experiment and theory is
not quite as good. For these distributions our neglect of the
oscillatory contributions to the extinction and backscatter ef-
ficiencies render the linear (zero order) relation (20) less accu-
rate.

Nonetheless, it is noteworthy that our measurements of ex-
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Fig. 6. Comparison of measured cloud backscatter and extinction
cocficients (points) with the theoretical relation (20). The backscatter
and extinction coeflicient measurements were made on laboratory-
generated clouds having a variety of size distributions (two examples
of which are shown in Figure %) and liquid contents ranging from 0.05
10 L0 g m™>. Clouds corresponding to the square data points were
generated with the ultrasonic nebulizer technique: all others were
gencraied with cool-mist vaporizers.
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Fig. 7. Same as Figure 4 except for the CO, laser wavelength

4 =106 um. At this longer waveiength the extinction is no longer

approximately related to backscatter, as the extinction coeflicient for

a particular backscatter coeflicient varies by about an order of mag-
nitude with the droplet size distnibution.

tinction and backscatter are in overall better agreement with
theory (relation (20)) than our numerical results in section 6,
which are based on measured atmospheric cloud droplet dis-
tributions. Part of the explanation for this finding has to-do
with the limited scope of our laboratory studies. While we
tried to generate droplet distributions characteristic of atmo-
spheric cloud, the range of size distributions was nowhere near
that for those used in the numerical study. Had we been able
to generate larger droplets and narrower distributions in the
laboratory, no doubt the agreement between measurements
and the linear backscatter-extinction relfation (20) would not
have been as good.

8. EXTINCTION AND BACKSCATTER AT MIDDLE INFRARED
AND MILLIMETER WAVELENGTHS

We should not necessarily expect the extinction-backscatiar
relation (20) for cloud to be applicable at zil wavslengihs,
since the backscatter gain cannot generally be well approxi-
mated by slowly varying functions of size parameter at all
wavelengths. To prove this conjecture, we calculated the ex-
tinction and backscatter coefficients for the previously men-
tioned 156 cloud size distributions at several laszer wave-

o
- AeiO8um .
- " .
£ <o
: ’ 2
§ 10~ -
E 34
8
O o
[ 4 oCy
w
£ 10° o
< ¥ 0
g S
LxJ . o .
1 v o
o ] o
o' \

ot 2 s “').n 1 s “"a 2 S 40
LIQUID WATER CONTENT (g m'®)

Fig. 8. Volume backscatter coeflicient at a wavelength 4 = 1,06
pm versus liquid water centent for 156 measured droplet size distri-
butions of cumulus and stratus type clouds. The results show cloud
liquid water content is not uniquely related to the backscatter coef-
ficient irrespective of cloud type. T
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Fig 9. Samcas Figure 8, except for i=10.6 um.

lengths. An example of the results at the CO; laser wavelength
i = 10.6 pm (Figure 7) show that for a particular backscatter
coelcient the extinction varies by an order of magnitude for
diffcrent size distributions of droplets. (Our neglect of gascous
sbsorption, which is at most 0.4 km~! at this wavelength,
does not significantly affect the results in Figure 7.) Thcl:cfore,
a CO, lidar measurement could not be used (by itself, without
constraints on spatial variability of drop size distributions) to
deduce infrared (1 = 10.6 pm) extinction in cloud. (As an aside
we note that if the form of the distribution of droplets is
spatially invanant the method of Klert [1980] can be used to
infer extinction profiles from backscatter measurcments, re-
gardless of the particular form of the distribution.)

Neither can an approximate extinction-backscatter relation
be expected to hold at millimeter wavelengths as can be scen
from examining (1) and (2), knowing that the Rayleigh ap-
proximation holds for which G(x) ~ x* and @,(x) ~ x. Qur
aumerical results based on the 156 drop distributions (not
shown here) bear out this conclusion.

9. BACKSCATTER AND L1QUID WATER Co~NTeNT IN CLOUD

Having been encouraged by the success of the extinction-
backscatter relation (20) at visible and near-infrared wave-
lengths, we extended our investigation to see if a similar rela-
tion might cxist between cloud liquid water content and back-
ecatter coeflicient; the motivation of course being the prospect
of utilizing lidar for remote measurement of cloud liquid water
content.

The liquid water content W of cloud with droplet size dis-
tnbution n(r) is given by

W=p J%TE r3n(r) dr 1)

where p is the density of water.

We already know the backscatter gain for polydispersions
of droplets at visible and near-IR wavelengths can be approxi-
mated by G(x) = g{1 + 5x3). Hence, there can be no size-
distribution-independent relation between liquid water con-
tent and backscatter coefficient at this wavelength as the ratio
of these quantities (after expanding in powers of 5),..

W _16mp [(r’) LT

o, 3 L&D T XD
contains in the leading term the ratio of the third to second
moments of the droplet size distribution. In other words, at
A = 1.06 um the liquid water content of cloud is related to the

+ 0(6’)] (22)

backscatter coeflicient only through a parameter that depends
on droplet size distribution. To obtain a “uantitative measure
of this size distribution dependence, we again performed Mie
caleulations of the buckscatter cocfficient by using equation (2)
and the liquid water content by using equation (21) for the
previously mentioned 156 cloud size distributions. The results
are presented in Figure 8 and show that {or a particular back-
scatter coefficient the cloud liquid water content can vary by
more than a factor of 10 with the droplet size distribution.

Similar investigations of a possible relation between cloud
liquid water content and backscatter coeflicient at other infra-
red, visible, and near-millimeter laser wavelengths A = 0.55,
0.694, 3.8, 10.5, 1364 um (220 GHz), 2143 ym (140 GHz), and
3192 um (94 GHz) show again that no unambiguous relations
exist; and further that for a fixed backscatter coeflicient at
these other wavelengths thé Tloud liquid water content is gen-
erally an even more sensitive function of the droplet size distri-
bution. An cxample of these results at 4 = 10.6 ym is shown in
Figure 9.

We can, therefore, conclude that for cloud with droplets of
unknown size distribution a determination of liquid water

content cannot be made solely from a single-wavelength lidar -

measurement.

10. EXTINCTION AND L1QUID WATER CONTENT IN CLoup

It has previously been shown theoretically and verified nu-
merically [Chylek, 1978; Pinnick et al., 1979] that approxi-
mate relationships exist between infrared extinction (around
1 =11 ym) and liquid water content of fogs, and between
infrared absorption (around A = 3.8 pm, 9.5 um) and liquid
water content of fogs. The relationships are lincar of the form

3Inc

o, = E—;; w (23)
Inc’
o= 315 ¥ (24)

where o, and o, are the extinction and absorption coeflicients
at the wavelength 4, W the fog liquid water content, and the
parameters ¢ and ¢’ are equal to the slopes of straight lines
that approximate the Mic extinction and absorption efliciency
curves by 0 x, ) = d{)x and Q,(x, ) = ¢()x. The 0, — W
relation has been verified experimentally for laboratory-
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Fig. 10. Volume extinction coefficient at a wavelength 1 = 106
um versus liquid water content for 156 cloud droplet size distribution
measurements of cumulus and stratus clouds, Except for cumu-
lonimbus, nimbostratus, cumulus congestus, orographic, and some
stratus cloud types the results are close to the equation (23) prediction
(shown by the straight line) relating infrared extinction coeflicient to
liquid water content. £ .
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’ . or near-millimeter wavelengths, suggesting that single-
07+ S wavelength lidar (by itscl) cannot be used to remotely mea-
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Fig. 1. Volume abssrpion coeflicient at a wavelength A = 38

um versus liguid water content for 156 cloud droplet size distni-
butions of cumulus and stratus clouds For most cloud types the
results are close 1o the cquation {Z4) prediction (shown by the straight
hne) reiatng cloud infrared absorption unambiguously to cloud
Liquid water content.

generated fogs by Gertler and Sreele [1980] and Bruce et al.
r1980). The success of relations (23) and (24) depend on the
fact that fog droplets have radii predeminately less than
r 2 14 gm [Chylek, 1978, Pinnick et al, 1979}

Civud droplets of course can be much larger than those in
fog. For this reason we might not expect relations (23) and (24)
to be applicable to all clouds. parucularly if droplets with
radius r > 14 um dominate either extinction. absorption, or
fiquid water content. To investigate quantitatively the mag-
nituds of the error involved in the application of (23) and (24)
1o clouds, we again made Mie calculations of the extinction
and absorption ceeflicients and the hiquid water content for
the previously considered 156 cloud droplet size distributions
summanzed in Table 2. The results of these caiculations are
compared to the size-distribution-indepzndent predictions (23)
and {24) in Figures 10 and 11. (The cffect of gascous absorp-
ton is small and has been neglected) Except for cumu-
lonimbus. nimbeostratus, cumulus congestus, orographic, and
some stratus type clouds {which contain significant number of
large (r > 14 pm) droplets) the relations (23} and (24) are
within a factor of 2 of the numerical results. This comparison
thus reaffirms the conclusion of Chylek [1978] that at 2 = 1}
um there exists a nearly unique relation betwen extinction
coeMicient and liquid water content of the form of (23) for
nonprecipitaung clouds. It alse suggests the absorption-liquid
content relation (24) can be applicd to most clouds without
regard to their tvpe or charucter of their droplet size distri-
bution.

11. Concrusion

For all types of aumnospheric clouds consisting of spherical
water droplets, an approximate relation between their extine-
tion and backscatter coeflicients 2t visible and near-infrared
wavelengths has been derived To zero order the relation is
independent of cloud droplet size distribution. The relation
should enable the determination of cloud extinction coefficient
{or total droplet surface areaj solely from lidar return signals,
providing the contribution of multiply-scattered photons to
the lidar return can be neplected. However, no size-
distribution-independent relation exists between cloud liquid
water content and backscatter coefficient at visible, infrared,

sure cloud liquid water content for clouds of unknown type.
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